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Abstract
The Edenville Dam was an earth dam located approximately 15 miles northwest of
Midland, Michigan. The dam impounded the Tobacco and Tittabawassee Rivers, forming
Wixom Lake. On May 19th, 2020, the dam failed after three days of elevated rainfall.
Flood waters from Wixom Lake caused the overtopping of the Sanford Dam downstream,
and the flooding of the surrounding area. The Edenville Dam was 95 years old at the time
of failure and was constructed before modern geotechnical engineering methods were
widely practiced. Dam infrastructure similar to Edenville is not uncommon, requiring the
need for increased monitoring. A pre-failure analysis was conducted to show the
application of remote sensing in dam monitoring. A Persistent Scatterer Interferometry
(PSI), a form of synthetic aperture radar (SAR), analysis of 25 Sentinel-1 images was
used to measure line-of-sight displacement 15 months prior to the failure. A Soil
Moisture Index (SMI) analysis of 14 Landsat-8 images were used to observe relative
moisture content between 2016 and 2020. The PSI analysis showed stable embankments
along the dam had velocities ranging from 0 to -5 mm/yr. A localized area of negative
displacement with a velocity of -20 mm/yr, was observed approximately 30 m north of
the failure location. Displacement was not observed within the approximate failure
location, suggesting movement did not occur in the 15 months prior, or rapid deformation
(> 30 mm/yr) occurred resulting in the decorrelation of the SAR signal. The SMI analysis
showed the Edenville Dam exhibited no long-term change (increase or decrease) in
relative soil moisture content from 2016 to 2020. The study illustrates the benefits and
limitations of the PSI and SMI analysis in the Edenville example and makes
recommendations for future monitoring/analysis work.
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1. Introduction
On May 19, 2020, the Edenville Dam failed after three days of elevated rainfall. The
failure allowed the water impounded by the dam, Wixom Lake, to surge downstream into
Sanford Lake, ultimately overtopping the Sanford Dam. The events resulted in the
flooding of the surrounding area, including the city of Midland, Michigan. The floods
caused an estimated 200 million dollars in damages to property and infrastructure and the
evacuation of more than 10,000 residents.
Unfortunately, the occurrence of failures such as these are not uncommon in the U.S.
Years of neglecting aging infrastructure have left many dams in the U.S. in fair to poor
condition. According to the U.S. Army Corps of Engineers Nation Inventory of Dams,
approximately one-third of all dams in Michigan are categorized as either having "High”
or “Significant Hazard Potential Type", including the Edenville and Sanford dams prior
to their failures [1]. The American Society of Civil Engineers (ASCE) Michigan Section
gave dams in Michigan an overall evaluation of a “C-” in their 2018 Infrastructure Report
Card. At the time of the report, two-thirds of dams were older than their 50-year design
life and that by the year 2023, approximately 80% of Michigan dams will be over 50
years old [2]. Constructed in the early 20th century, the Edenville Dam was designed
before modern geotechnical engineering practices of Karl Terzaghi were widely practiced
and built before quality control assessment of earth fill compaction developed by Ralph
Proctor in the 1930s [3, 4].
Aging dam infrastructure increases the need for more dam inspections and monitoring to
mitigate risks. Traditional dam inspection and monitoring methods require personnel to
be present in the field and monitoring datasets, such as GPS data elevation and
piezometer readings, only offer point-source data. Remote monitoring, such as
measurements obtained from remotely sensed data, offers the ability to supplement in situ
monitoring or serve in place of in situ/field measurements where they are not present.
Remote sensing can: (1) acquire continuous data over an entire dam (as opposed to
discrete, point-source data from in situ methods), (2) assess the structural condition in a
non-invasive manner, preventing any potential negative impact to the structure, and (3)
continuously monitor the dam without the need for personnel to be present in the field
when satellite data is used.
For long–term, non-rapid deformation (< 2-3 mm/yr), Synthetic Aperture Radar (SAR)
techniques have been used to evaluate tailings dam post failure and monitor earthen dam
stability. Interferometric Synthetic Aperture Radar (InSAR) was used to monitor dam
stability and subsidence of the Three Gorges earth dam in China [5]. The research
illustrated the increased density and coverage of displacement data points that InSAR
provides over that of traditional differential GPS methods, in addition to the lack of field
personnel required for dam monitoring. Several studies of the 2019 Brumadinho tailings
failure attempted to assess the structure pre-failure. Both studies concluded the dam was
shown to have increased deformation before the failure on January 25th, 2019 through eh
1

use of SAR techniques [6, 7]. A study conducted by Carla et al. (2020) concluded that the
qualitative prediction of a mine tailings dam failure was possible using InSAR [8]. An
increased rate in the deformation observed in the embankment prior to the failure could
have served as an early warning sign for the mine. The Rotta study of the Brumadinho
tailings dam failure concluded that the cause of the failure was due to internal
liquefaction based on soil moisture analysis of thermal and optical imagery in
conjunction with the SAR analysis [6]. The Soil Moisture Index (SMI) showed changes
in moisture content through time, suggesting that large scale liquefaction was occurring
in the years prior to failure. This study utilizes SAR techniques and SMI to conduct a prefailure analysis of the Edenville Dam.

2. Background
The Edenville Dam is one of five dams along the Tittabawassee and Tobacco Rivers in
the central region of Michigan's Lower Peninsula. Located along the border of Gladwin
and Midland counties, the Edenville Dam impounds the Tittabawassee and Tobacco
Rivers just north of their confluence. Figure 1 shows the location of Edenville Dam.

Figure 1: Location of Edenville Dam in Michigan’s Lower Peninsula. Imagery courtesy
of Google Earth.
2

The three dams on the Tittabawassee River are, in order of flow direction: Secord,
Smallwood, and Sanford dams (Fig. 2). The Tobacco River flows into the Tittabawassee
downstream of the Edenville dam and upstream of the Sanford dam. The Secord,
Smallwood and Sanford dams are owned by Boyce Hydro LLC., who owned the
Edenville Dam at the time of failure.

Figure 2: Location of the five dams located along the Tittabawassee and Tobacco Rivers.
Edenville Dam is located upstream of the two rivers confluence and impounds both
rivers. Image courtesy of Google Earth.
Edenville Dam is a series of earthen embankments, spillways, and a powerhouse that
span approximately 6600 ft across the Tittabawassee and Tobacco Rivers. The reservoir
impounded by the dam is Wixom Lake. Edenville Dam and Wixom Lake are divided by
highway M-30 with the western half representing the Tobacco River impoundment and
the eastern half representing the Tittabawassee River impoundment. Wixom Lake is not
hydrologically divided as the M-30 causeway contains a bridge. Figure 3 is a map
illustrating the layout of the Edenville Dam. The approximate failure location is shown in
red. Aerial background imagery is a National Agriculture Imagery Program (NAIP)
image acquired on 07/02/2016 and accessed from the United States Geological Survey
(USGS) EarthExplorer website (https://earthexplorer.usgs.gov).
3

Figure 3: Edenville Dam site layout image. Highway M-30, shown in the center of the
image, divides the dam into the Tobacco (western) and Tittabawassee (eastern) section.
Background aerial courtesy of NAIP image captured on 07/16/2016.
The Tobacco section is comprised of the Tobacco Spillway, west embankment, and west
crest. The west embankment is approximately 1300 ft long and begins west of M-30,
extends westward to the Tobacco Spillway, and then to the west crest. The west crest is
approximately 900 ft in length and extends west-northwest from the west embankment to
the west abutment. The portion of the west embankment that lies west of the Tobacco
Spillway and the west crest is a continuous embankment, however, are separated in this
study due to varying embankment heights. The west embankment has a height ranging
from 32 to 47 ft, while the west crest has an approximate height of 12 ft. The upstream
and downstream slopes of the embankments were initially constructed at a ratio of
2.5H:1V (horizontal to vertical) and 2H:1V, respectively [3]. Portions of the downstream
embankment have been flattened and berms have been added. Survey data indicates that
portions of the downstream slopes are steeper than the design ratio.
The Tittabawassee section is comprised of the southeast embankment, east embankment,
and east crest. The southeast embankment begins south of the Edenville spillway and
extends southeast approximately 650 ft to the east abutment. The height of southeast
embankment ranged between 52 ft immediately south of the spillway, to 30 ft toward the
abutment. The height of the approximate failure location shown in Figure 3 was between
30 to 32 ft [3]. The east embankment and east crest are continuous embankments but are
again separated in this study due to varying embankment heights. The east embankment
extends from the Edenville spillway 1300 ft to the east crest. The east crest extends 1450
ft from the east embankment to M-30. The average height of the east embankment and
east crest are 40 and 15 ft, respectively. Similar to the Tobacco section, the upstream and
4

downstream slopes of the embankments were originally constructed at a ratio of 2.5H:1V
(horizontal to vertical) and 2H:1V, respectively [3]. Surveys conducted after the flood
report some sections of both the upstream and downstream embankments are steeper that
the initial design ratio [3].
The Edenville Dam was built between 1923 and 1925 for the management of flood
waters and generation of hydroelectric power [3, 4]. The dam was constructed of loose,
poorly graded sand without a clay core. The only subdrain system consisted of clay drain
tiles which had outflows to a drainage ditch, which ran parallel to the toe of the
embankment [3, 4]. According to historic photographs, fill was placed en masse rather
than in lifts, which are used in modern earth constructions. Fill was dumped via train car
and compaction efforts on the placed fill (i.e., rollers) were not present in historical
documentation [3, 4]. The dam foundation consisted of glacial till and outwash sands,
which were deposited during the retreat of the Saginaw Lobe of the Laurentide Ice Sheet
[3, 4]. Post-glacial erosion of the underlying foundation from the Tittabawassee and
Tobacco rivers caused the development of a series of fluvial terraces. The variation in the
elevation of the terrace resulted in variation in the dam fill thickness throughout the
structure.
At the time of failure, the Edenville Dam was the only dam owned by Boyce Hydro that
was not licensed to generate electricity. In 2018, the Federal Energy Regulatory
Commission (FERC) revoked Boyce Hydro's license to generate power due to failure to
comply with a 2017 compliance order [9]. The FERC report states that the Edenville
Dam was unable to pass the Probable Maximum Flood (PMF) due to inquinate spillway
capacity. In the event of a PMF, the spillway capacity of the Edenville Dam could only
pass 50% of the floodwater. The FERC report stated concerns of overtopping and dam
failure in the event of a PMF.
The Edenville Dam failed on May 19, 2020, at approximately 5:30 P.M. EST after a
three-day elevated rainfall event. The three-day rainfall total from May 17-19 at the
Edenville Dam was 3.76 inches [3]. Similar rainfall totals were reported in all regions of
Gladwin and Midlands counties, including at the upstream Secord and Smallwood dams.
On May 18, both spillways were operating at maximum capacity. A depression along the
crest of the southeast embankment at the approximate failure location shown in Figure 3,
was noted by residents and bystanders approximately 30 minutes prior to failure. At the
time of failure, it was estimated that Wixom Lake reservoir elevation was 5.5 ft higher
than normal operating levels (approximately 1.5 ft below the crest elevation of the
southeast embankment). Throughout the evening of May 19, the failure was widened, and
Wixom Lake was emptied. Figure 4 is a pre- and post-failure of the Edenville Dam. The
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pre-failure image is the NAIP image acquired on 07/02/2016. Post-failure imagery is
from ArcGIS world imagery.

Figure 4: Pre (4A) and post (4B) failure imagery of the Edenville Dam. The approximate
failure location where the depression was observed is shown in red. Post-failure imagery
is courtesy of ArcGIS world imagery.

2.1 Failure Mechanisms of Edenville Dam
2.1.1 Independent Forensic Report

The independent forensic team (IFT) was commissioned by the Federal Regulatory
Commission (FERC) to investigate the physical and human factors that may have
contributed to the Edenville Dam failure [3]. The IFT published their interim report on
6

September 13, 2021 with their findings of the physical factors in relation to the failure.
The full report, which will include potential human factors, is yet to be published.
The IFT considered three modes of failure: embankment overtopping, internal erosion,
and instability. Overtopping was ruled out as a possible method as there were several
eyewitnesses, including dam operators, and a video recording of the failure. The video
shows that the dam begins to leak from a depression on the downslope face minutes
before the dam fails. The depression and seepage developed as the afternoon progressed,
as neither were noted earlier in the morning when inspected by the dam operators. The
video shows a large mass of soil failing and being deposited at the toe of the embankment
with water from the reservoir flowing behind it.
The IFT ruled that internal erosion was not a primary failure mechanism. The report
stated that no evidence in past surveys indicated significant seepage along the
downstream toe at the failure location. The report noted that, historically, minor saturated
spots on the downslope face were noted, and water flows from the foundation clay tiles,
occasionally carrying sediment. The sediment has not been considered significant and not
a mechanism for internal transport of sediment within the embankment.
The IFT considered two types of instability: conventional instability and static
liquefaction. Conventional instability is caused by an increase in the phreatic surface,
increasing pore pressure, and decreasing the sand's strength. When the factor of safety
falls below 1.0, failure occurs. For this mechanism to occur, the sand would act in a
brittle manner. The sand for the Edenville Dam behaved in a ductile manner, rather than
brittle, when triaxial tests were performed. The IFT concluded that conventional stability
may have contributed, but it was not the primary mode of failure. The IFT considered
static liquefaction to be the primary failure mechanism. Soil borings in the dam showed
that the uniform fine sand with low blow counts. Lab tests showed brittle, strainsoftening behavior in undrained samples. Field and lab tests showed conditions required
for static liquefaction were present. The report also stated that calculated rates of
deformation, velocity, and acceleration of the failure matched the pixel tracing analysis
conducted in the American Society of Civil Engineers (ASCE) report [4].

2.1.2 ASCE Geo-Institute Embankments, Dams, and Slopes Field
Reconnaissance Report

The ASCE report was conducted by a team of 14 professionals from several universities
and consulting companies [4]. The purpose was to perform a post-failure reconnaissance
of the Edenville Dam. The team collected aerial imagery (thermal, optical, and LiDAR),
performed geophysical tests of the underlying foundation, geotechnical testing of dam fill
material, and a pixel analysis of the failure video. The team also reviewed historical
construction information and two pre-failure SAR analyses from an external source.
The ASCE team reviewed a Persistent Scatterer Interferometry (PSI) analysis and an
InSAR analysis. At the approximate failure location, the PSI analysis observed negative
7

displacement (0.4 in/yr) at the dam's crest and positive displacement (0.6 in/yr) at the toe
of the embankment. The PSI analysis did include scenes collected during the winter
months. In regions with snow accumulation, winter scenes should be excluded from the
analysis [10]. The InSAR analysis suggested that approximately 20 cm of displacement
was observed along the downslope face at the approximate failure location 18 months
before the failure. The source of the InSAR analysis was Ovela59, a company that is no
longer operational. When the ASCE report was published, the InSAR results were no
longer published on the company's website.
The ASCE investigation summarized that the clay tile drains were not installed below the
approximate failure location during original construction, the downstream embankment
slope was not uniform and over steepened in areas, the movement was observable 18
months prior to failure (InSAR), a bulging feature was present in a 2017 LiDAR survey,
and a slope stability model showed a low factor of safety (1.08) and a rotational slide
when modeled with the reservoir level at the time of failure. The report concluded that
two failure mechanisms were plausible: static liquefaction and slope instability
(conventional loss of strength due to increased pore pressure).

3. Objectives
The objective of this research is to determine if remote sensing is a viable tool in earth
dam monitoring and failure prediction through the example of Edenville Dam in
Michigan. This was accomplished by:
i.

Measuring displacement by performing a PSI analysis of Sentinel-1 SAR images
in the year prior to failure;

ii.

Developing a soil moisture time-series through an SMI analysis of Landsat 8
images from 2016 to 2020;

iii.

Comparing the PSI and SMI analysis findings to the investigation reports
conducted by the ASCE Geo-Institute Embankments, Dams and Slopes Technical
Committee, and the Independent Forensic Team commissioned by the FERC.
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4. Methodology and Data Sets
4.1 Persistent Scatterer Interferometry (PSI)
4.1.1 PSI

Persistent Scatterer Interferometry is a SAR remote sensing technique that measures the
displacement of the Earth's surface through time [11, 12]. Persistent scatters (PS),
coherent reflectors in each image of a SAR stack, are identified, resulting in a point cloud
from which displacement time series can be derived. PSI has been used for earthen dam
monitoring and post-failure analysis studies [13-16].

4.1.2 Dataset

Twenty-five ascending Sentinel-1B SAR Level 1, single look complex (SLC),
interferometric wide (I.W.) swath mode images were acquired between March 22, 2019,
to May 15, 2020, from the European Space Agency (ESA). Images obtained between
November 2019 to February 2020, were excluded due to snow cover. Images were
acquired at a frequency of 5.405 GHz (corresponding wavelength of C-band (5.547 cm)),
a spatial resolution of 5 m by 20 m, and a VV +VH polarization. Images were
downloaded from the ESA Copernicus and Alaskan Satellite Facility (ASF) Vertex
download centers. Table 1 lists images used in this study.
Sentinel-1 Level-1 SLC products are focused SAR images in slant range geometry,
georeferenced from satellite orbit and attitude data, in a zero-doppler orientation. The
ESA processes Level-1 products for azimuth bi-static delay, elevation antenna pattern,
and range spreading loss [17]. The Sentinel-1 images were processed using the Envi
SARscape Analytics Toolbox [18]. All images were in VV polarization, and coherence of
0.65 was used for this analysis. The resulting point cloud contains the following
information for each PS: displacement for each acquisition (mm), velocity (mm/year),
coherence, geographic coordinates (latitude/longitude), cartographic coordinates, and
elevation (x, y, z) based on the input digital elevation model (DEM), the line-of-sight
incident angle for vertical and azimuth directions, velocity and height precision estimates
and the height correction (m) based on the DEM.
Table 1: Summary of the Sentinel-1 images used in the PSI analysis.
Date
03/22/2019
04/03/2019
04/15/2019
04/27/2019
05/09/2019
05/21/2019
06/14/2019
06/26/2019
07/08/2019

Satellite
Sentinel-1B
Sentinel-1B
Sentinel-1B
Sentinel-1B
Sentinel-1B
Sentinel-1B
Sentinel-1B
Sentinel-1B
Sentinel-1B
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Date
09/06/2019
09/18/2019
09/30/2019
10/12/2019
10/24/2019
03/04/2020
03/16/2020
03/28/2020
04/09/2020

Satellite
Sentinel-1B
Sentinel-1B
Sentinel-1B
Sentinel-1B
Sentinel-1B
Sentinel-1B
Sentinel-1B
Sentinel-1B
Sentinel-1B

07/20/2019
08/01/2019
08/13/2019
08/25/2019

Sentinel-1B
Sentinel-1B
Sentinel-1B
Sentinel-1B

04/21/2020
05/03/2020
05/15/2020

Sentinel-1B
Sentinel-1B
Sentinel-1B

4.2 Soil Moisture Index (SMI)
4.2.1 Soil Moisture Index

The Soil Moisture Index (SMI) is an index used to model the relative soil moisture
content. SMI is based on the dry and wet edges of the land surface temperature (LST) and
normalized difference vegetation index (NDVI) scatterplot space defined in Figure 5.
SMI values range from 0 to 1, with 0 representing drier soil and 1 representing wet soil
[19-23, 6]. SMI is calculated as follows [19]:
𝑆𝑆𝑆𝑆𝑆𝑆 =

𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐿𝐿𝐿𝐿𝐿𝐿
𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚

where, LSTmax and LSTmin are defined as,

𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑎𝑎1 × 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑏𝑏1
𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑎𝑎2 × 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑏𝑏2

where, a and b are the intercept and slope of the dry and wet edges, shown in Figure 5
[19-23, 6].

Figure 5: Plot of the of the LST/NDVI space which defines SMI [19]. All types of
vegetation (bare, partially, and fully vegetated) are defined by this diagram for a given
scene.
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4.2.2 Normalized Difference Vegetation Index

The Normalized Difference Vegetation Index (NDVI) is an index that quantifies
vegetation greenness, often reflecting vegetation density and health [24]. NDVI is a ratio
between the red and near-infrared (NIR) bands. For Landsat 8 images, the equation is
defined as [24]:
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 5 − 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 4
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 5 + 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 4

where, the red band is Band 4 and the NIR band is Band 5.

4.2.3 Land Surface Temperature

Land surface temperature (LST) is the calculation of the Earth's surface temperature from
thermal images. In this study, Landsat 8 Band 10 was used to calculate LST.
The equation for land surface temperature is as follows [25]:
𝐿𝐿𝑆𝑆𝑆𝑆 =

𝐵𝐵𝐵𝐵
𝜆𝜆 × 𝐵𝐵𝐵𝐵
(1 + � 𝜌𝜌 � 𝑙𝑙𝑙𝑙 𝜀𝜀𝜆𝜆

where, LST is the land surface temperature in °𝐶𝐶, 𝜆𝜆 is the wavelength of emitted radiance
(1.0 x 10-6 m), and
𝐵𝐵𝐵𝐵 =

𝐾𝐾2
𝐾𝐾
𝑙𝑙𝑙𝑙 � 𝐿𝐿1 + 1�
𝐼𝐼

where, BT is the at-satellite brightness temperature, K1 in the band specific thermal
conversion constant from the metadata (K1_CONSTANT_RADIANCE_BAND_10 =
774.89), K2 in the band specific thermal conversion constant from the metadata
(K2_CONSTANT_RADIANCE_BAND_10 = 1321.08), and
𝐿𝐿𝐼𝐼 = 𝑀𝑀𝐼𝐼 × 𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐴𝐴𝐼𝐼

where, LI is the top of atmosphere radiance (Watts/m2 * srad * um), MI is the bandspecific multiplicative rescaling factor from the metadata
(RADIANCE_MULTI_BAND_10 = 3.34 x 10-4), Qcal is the quantized and calibrated
standard product pixel values (DN), and AI is the band-specific additive rescaling factor
from the metadata (RADIANCE_ADD_BAND_10 = 0.100), and
𝜌𝜌 = ℎ

𝑐𝑐
= 1.438 × 10−2 𝑚𝑚 𝐾𝐾
𝜎𝜎

where, 𝜎𝜎 is the Boltzmann constant 1.38 x 10-23 J/K, h is Planck's constant (6.626 x 10-34
J s), and c is the velocity of light (2.998 x 108 m/s), and
𝜀𝜀𝜆𝜆 = 0.004 × 𝑃𝑃𝑣𝑣 + 0.986
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where, 𝜀𝜀𝜆𝜆 is emissivity at wavelength 𝜆𝜆, and

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 2
𝑃𝑃𝑣𝑣 = �
�
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚

where, Pv is the proportion of vegetation.

4.2.4 Dry and Wet Edge Modeling

Figure 6 illustrates that all soil vegetation cover levels (bare soil, partially, and fully
vegetated) are defined by the LST/NDVI space. The boundary conditions of the
LST/NDVI space are the dry and wet edges, or LSTmax and LSTmin, respectively. These
bounding layers are the theoretical maximum and minimum of SMI values for the given
scene and are linear. To model the dry and wet edges, linear regression was used.

Figure 6: Visual definition of the LST/NDVI space. All soil types, with respect to
vegetation cover, are defined by the LST/NDVI space.
Each scene was processed individually using an Rscript. To model the dry edge, the
LST/NDVI plot was subset along the NDVI, x-axis to represent the steepest boundary
slopes for both the dry and wet edges. Within the subset, the LST/NDVI scatterplot was
divided into bins of width 0.01 along the NDVI axis. The mean of the 10 highest LST
values within each bin was used to fit the linear regression model [20-23]. To model the
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wet edge, a horizontal line was fit to the LST/NDVI scatterplot. For all scenes analyzed,
the wet edge was nearly horizontal (slope < 0.01), therefore, the wet edge was modeled as
a horizontal line with slope 0 [20, 22]. The subset of the LST/NDVI scatterplot along the
NDVI axis was divided into bins of 0.01 width, and the 5 lowest LST values in each bin
were recorded. The mean of the lowest LST values were fit to the horizontal linear model
[20, 22]. Values in the LST/NDVI space outside the dry and wet edges were reclassified
to either the dry or wet edge (LSTmin or LSTmax).
Figures 7 and 8 illustrate an example of modeling the dry and wet edge for the
07/21/2019 scene. Figure 7 displays the LST/NDVI space for the 07/21/2019 image, and
the bounds used for the dry and wet edge calculations. The dry and wet edge boundaries
given in lower to upper value are (0.38, 0.59) and (0.41, 0.59), respectively. Figure 8
displays the subset data used in the regression models, and the regression line (which is
the dry and wet edges) for the 07/21/2019 image. The dry and wet edge modeling was
done in an RStudio script. See Appendix A for the LST/NDVI Rscript used to model the
dry and wet edge for a given scene. See Appendix B for the boundary subset values and
the LSTmax and LSTmin equations for each scene in the analysis.

Figure 7: Boundaries used to model the dry and wet edges for the 07/21/2019 scene. The
upper boundary limit for both the dry and wet edge is 0.59.
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Figure 8: Linear dry and wet edge of the 07/21/2019 scene. The red data points are the
mean values of the binned data subset, blue points. The regression lines are shown in red.

4.2.5 Data Set

Fourteen Collection-2 Level-1 Landsat 8 images were obtained between 04/23/2016 and
5/4/2020 from USGS Earth Explorer site (https://earthexplorer.usgs.gov). Images
between November to February, were excluded due to snow cover and seasonal
vegetation dormancy. Scenes with cloud cover within the specified extent were excluded
from the analysis [23]. Table 2 lists the dates of scenes used in the SMI analysis. The
geographic extent used in the SMI analysis shown in Figure 9. The southwest and
northeast corners, given in meters easting and northing in the NAD83 UTM 16N
projected coordinate system, are (708698, 4853394) and (712524, 4855534),
respectively.
Table 2: Summary of Landsat 8 images used in the SMI analysis
Date
04/23/2016
06/10/2016
07/28/2016
05/12/2017
06/13/2017
07/31/2017
09/17/2017

Sensor
OLI/TIRS
OLI/TIRS
OLI/TIRS
OLI/TIRS
OLI/TIRS
OLI/TIRS
OLI/TIRS

Date
10/03/2017
04/29/2018
06/03/2019
07/21/2019
04/02/2020
04/18/2020
05/04/2020
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Sensor
OLI/TIRS
OLI/TIRS
OLI/TIRS
OLI/TIRS
OLI/TIRS
OLI/TIRS
OLI/TIRS

Figure 9: Spatial extent of the SMI analysis. Northing and easting coordinates in the
NAD83 UTM 16N coordinate system are displayed in meters.
LST and NDVI indices were derived using ERDAS IMAGINE software. The spatial
resolution of Landsat bands 4 and 5 is 30m, and band 10 is 90m. Since LST is a product
of NDVI, the LST raster is 30m resolution; therefore, SMI is 30m. A time series of SMI
was derived from the Landsat 8 images. SMI for each acquisition was calculated in an
RStudio script. The Rscript for SMI calculation can be found in Appendix C. A standard
deviation map of the SMI time series was also derived using RStudio to analyze the
variation of moisture content across the dam through time.

4.3 Precipitation Data
Precipitation data for the county was observed from the NOAA weather station in
Gladwin, Michigan (NOAA Station I.D. GCHD:USW00014828). The station's daily
precipitation data from January 2015 to May 2020 was accessed from USDA's
Agricultural Applied Climate Information System (AgACIS) reports. Daily and monthly
data were used to plot along with the SMI time series data.
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5. Results
5.1 Persistent Scatterer Interferometry
A map illustrating the PSI average velocity measurements from March 22, 2019, to May
15, 2020, (excluding winter images acquired in the months of November to February) for
the entire scene processed is provided in Figure 10. Average velocity is measured in the
line-of-sight direction (approximately N80°E, 40° to nadir), where negative values are PS
moving away (downward) from the satellite [26]. The mean velocity and standard
deviation are approximately -1.22 and 9.11 mm/yr, respectively. Figure 10 uses a warm
to cold color ramp where warm (red) colors indicate downward displacement, and cold
(blue) colors indicate upward displacement. The PS were classified by standard deviation
and normalized about the mean.

Figure 10: Average velocity(mm/yr) between March 22nd, 2019, to May 15th, 2020,
measured using 25 Sentinel-1B images with PSI processing. Positive velocity values
measure displacement towards the satellite.
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Figure 11 shows six areas of interest that were identified to compare movement across
the dam: dam outline, west cutbank, west embankment, east embankment, southeast
embankment, and southeast toe. Criteria for the area of interest, AOI, regions included
the following parameters: difference between reservoir elevation and toe elevation (>2

Figure 11: PSI average velocity (mm/yr) results for the Edenville Dam area. The dam
outline is shown as the black dashed line and outlines all embankments, spillways, and
crests. Results for the three large embankments, outlined in black, are shown in 11B and
9C. The approximate failure location is outlined in red and shown in 11C.
m), embankment containing the approximate failure location, and PS density. The dam
outline was included to establish baseline displacement measurements for the entire dam
area. The three embankments included in the AOIs had a difference in elevation from the
reservoir to the toe of the dam between 8 and 12 m. The east and west crests were not
included as AOIs because the difference in elevation between the reservoir and toe was
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less than 2 m. The east and west crests had significantly lower PS densities compared to
other AOIs. The dam outline included all embankments (from reservoir level to the
approximately 5 m downstream of the toe), spillways, crests, and municipal access roads
located along the crest or at the toe of the embankments.
Figure 12 is a slope angle map of the Edenville Dam, with profile section lines. The slope
angle raster was calculated from a USGS 3DEP Elevation Index 1-meter DEM, obtained
from the nationalmap.gov. To determine the height of embankments when selecting

Figure 12: A slope profile map of the Edenville Dam generated from a 1-meter 3DEP
Elevation Index DEM, obtained from the USGS National Map. Profile section lines are
shown for six locations along the dam. Profiles are shown below in Figure 13.
AOIs, elevation profiles were used. Elevation profiles, generated in ArcMap from the 118

meter DEM, were constructed for all embankments, crests, and the west cutbank and are
shown in Figure 13.

Figure 13: Elevation profiles of the Edenville Dam. Vertical and horizontal exaggeration
are not consistent profiles. Elevation and distance are given in meters.
Figure 14 is the average cumulative LOS displacement for the six AOIs between March
22, 2019, to May 15, 2020. Displacement begins at 0 mm on March 22, 2019, as that is
baseline image in the analysis. All AOIs show an increase in negative displacement
between March 2019 to May 2020 except for the east embankment. Displacement for the
entire dam area -5.26 mm, with maximum and minimum values of 0.01 and -29.86 mm
observed in the east embankment and southeast toe, respectively. Summaries of the PSI
results for the AOIs are as follows:
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Figure 14: Cumulative displacement (mm) of the six aeras of interest between March 22,
2019, to May 15, 2020, measured using 25 Sentinel-1B images with PSI processing.
Positive velocity values measure displacement towards the satellite.
Dam Outline: The purpose of the dam outline is to subset the PSI results to reflect the
displacement observed along the earthen structure of the dam. The dam outline, shown in
Figure 9A, encompasses all embankments, spillways, crests, and municipal access roads
located along the crests. Along the embankments and crests, the outline extends from the
reservoir to approximately 5 to 10 m downstream the toe. The average velocity for the
dam area is 3.78 mm/yr with a standard deviation of 10.50 mm/yr. Average cumulative
displacement is -5.26 mm. Table 3 lists the PSI results for the southeast embankment and
toe, including total number of PS, area, and average cumulative displacement.
Table 3: Summary of the Dam Outline PSI Parameters
Dam Outline
291
96786
-5.26

Number of PS
Area (m2)
Average Cumulative
Displacement (mm)
Mean Velocity (mm/yr)
Velocity Standard Deviation
(mm/yr)
Maximum Velocity (mm/yr)
Minimum Velocity (mm/yr)
Mean Coherence

-3.78
10.50
26.00
-24.00
0.72
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Southeast Embankment and Southeast Toe: The southeast embankment begins
immediately southeast of the Edenville spillway and extends southeast to the easternmost
abutment. This area contains the approximate failure location, shown in Figure 11C. The
southeast embankment displays an average velocity within 2 standard deviations of the
mean, -19.90 mm/yr. Cumulative displacement is approximately four times that of the
dam area at 21.75 mm.
The southeast toe is a subset of PS within the southeast embankment. It is located along
the toe of the embankment and is between 5 to 55m southeast of the Edenville spillway.
All PS in the southeast toe display negative displacement. The average velocity and
cumulative displacement are -20.66 mm/yr and -29.86 mm, the largest absolute values for
any AOI.
The southeast embankment and southeast toe are considered to represent an unstable
aeras of the dam as the failure location is within proximity. No PS lie within the
approximated failure location and PS density begins to decrease moving southeast from
this location. The lack of PS within along the 120 m stretch of the southeast embankment
could suggest decorrelation due to more rapid deformation. Table 4 lists the PSI results
for the southeast embankment and toe, including total number of PS, area, and average
cumulative displacement.
Table 4: Summary of the Southeast Embankment and Southeast Toe PSI Parameters
Number of PS
Area (m2)
Average Cumulative
Displacement (mm)
Mean Velocity (mm/yr)
Maximum Velocity
(mm/yr)
Minimum Velocity
(mm/yr)
Mean Coherence

Southeast Embankment
14
13115
-21.75

Southeast Toe
10
N/A
-29.86

-15.90
6.33

-20.66
-14.82

-13.76

-24.00

0.68

0.68

East and West Embankments: The east and west embankments, shown above in Figure
11B and 11C, display an average velocity within 1 standard deviation of the mean, 0.01
and -5.48 mm/yr, respectively. The east embankment begins from the northwest side of
the Edenville spillway and extents northwest. The east embankment ends at the east crest,
when the downstream side increased in elevation and height of embankment is reduced to
3 m. The west embankment extends from the west edge of highway M-30 to where the
dam begins to dogleg northwest. The west embankment lies on either side for the
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Tobacco spillway. Both areas extend from the crest of the embankment to approximately
5 m downstream the toe and are in locations along the dam which did not fail. Therefore,
they are considered stable and represent stable embankment velocities and displacements.
Table 5 lists the PSI results for the east and west embankments, including total number of
PS, area, and average cumulative displacement.
Table 5: Summary of the East and West Embankments PSI Parameters
Number of PS
Area (m2)
Average Cumulative
Displacement (mm)
Mean Velocity (mm/yr)
Maximum Velocity
(mm/yr)
Minimum Velocity (mm/yr)
Mean Coherence

East
106
19131
0.01

West
93
18422
-5.48

-0.26
24.186

-4.08
26.00

-22.37
0.74

-24.00
0.72

West Cutbank: The west cutbank, shown in figure 11A, displays an average velocity
within 2 standard deviations of the mean, -11.12 mm/yr. This region is located between
the west crest toe and bank of the Tobacco River. The west cutbank is located along the
cutbank of the Tobacco River and does appear to have municipality access roads around
it. The profile for the cutbank is shown above in Figure 13B. While it is not part of the
dam, the average velocity and cumulative displacement was several times greater than
that of stable regions of the dam. A localized area of downward displacement is located
in the center of the west cutbank, however, negative displacement is observed throughout
the entire area. Further information on the function of the west cutbank area was not
obtained. Table 6 lists the PSI results for the west cutbank, including total number of PS,
area, and average cumulative displacement. See Appendix D for histograms of average
velocity for all AOIs.
Table 6: Summary of West Cutbank PSI Parameters
West Cutbank
42
14277
-16.12

Number of PS
Area (m2)
Average Cumulative
Displacement (mm)
Mean Velocity (mm/yr)
Maximum Velocity (mm/yr)
Minimum Velocity (mm/yr)
Mean Coherence

-11.59
14.01
-24.00
0.71
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5.2 Soil Moisture Index
The SMI represents the relative moisture in the study area for the 14 Landsat 8 images
between April 23th, 2016 and May 4th, 2020. Figure 15 is a standard deviation map of the
SMI time series. The map shows the standard deviation per each pixel, for the 14 images
used in the time series. Warm colors (red) represent the areas that have had greater
variation in SMI, while cool colors (blue) illustrate areas that have less varation through
time. The SMI standard deviation is unitless as SMI is unitless.

Figure 15: SMI standard deviation for the Edenville Dam area. The dam outline is shown
as the black dashed. Results for the three large embankments, outlined in black, are
shown in 13B and 13C. The approximate failure location is outlined in red and shown in
13C.
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Based on the standard deviation map, the areas with the greatest standard deviation in the
entire scene were the agricultural fields shown in the southeast corner for Figure 13A and
the two "bullseye" features along the western edge of the scene, with values ranging from
0.20 to 0.30. The dam shows a lower standard deviation, 0.10, inidcating less temporal
variation in relative soil moisture content. Table 7 lists the standard deviations for the
AOIs defined above in the PSI analysis. The southeast toe was not included as its aera
was less than the spatial resolution of the map.
Table 7: SMI Standard Deviation for Aeras of Interest
Area of Interest

SMI Mean Standard
Deviation
0.103
0.089
0.088
0.098
0.095

Dam Outline
Southeast Embankment
East Embankment
West Embankment
West Cutbank

The SMI for the 14 Landsat 8 images are shown in Figure 16. The lowest SMI values are
observed at or around Wixom Lake and the Tobacco and Tittabawassee rivers. The
highest SMI values are observed in the urban areas, land between east and west sided of
Wixom Lake and the agricultiral fields in the southeasrt corner of the scene. SMI scenes
in April and May appear to have less contrast (more "blurry") between varying land uses
areas, i.e. urban, agricultured, forested, water etc. SMI values for the Edenville Dam
range between 0.5 and 0.9.
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Figure 16: SMI time series for the 14 Landsat 8 images between April 23th, 2016 and
May 4th, 2020.
Figure 17 shows the SMI time series for AOI's denoted in the PSI analysis for all 14
images between 2016 and 2020. Again, the southeast toe was not included as its aera was
less than the spatial resolution of the map. Daily and monthly precipitation data aquired
form the USDA AgACIS reports is also plotted.
Due to the need for cloud free scenes, SMI scenes were not evenly didtributed through
time. The rainy season in Michgian spans from approximatly April to mid-October.
Overall, SMI appeared to remain constant through time, no dam wide increases or
decreases in the average value was observed. Seasonally, SMI increased in the rainy
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Figure 17: SMI mean value between 2016 and 2020 for the five AOIs defined in Figure
13. Precipitation data from USDA’s AgACIS reports.
season. 2017 had the most scenes between May and October at five. Strong correlation
between monthy rainfall and SMI values were observed in 2017. SMI decreased in the
month prior to failure (between April 2nd, April 18th, and May 4th) in all regions except
for the southeast toe. During this time, the SMI in the southest embankment decreased
from 0.88 to 0.69.

6. Discussion
The east and west embankments were identified as stable embankments long the dam
with velocities between -5 and 0 mm/yr representing the stable conditions. The southeast
toe, shown in Figure 11C, represents a localized area of negative displacement with a
velocity approximately five times greater than stable regions of the dam. Except for one
PS at the east abutment of the southeast embankment, no PS were identified in or east of
the failure location. The lack of PS suggests either decorrelation due to rapid deformation
(occurs at velocities >3.0 cm), or that LOS displacement was not occurring in this region.
Given the density of PS observed in the east and west embankments (which did not fail)
and the localized negative displacement observed in the southeast toe, the lack of LOS
displacement due to no movement in the dam seems unlikely. The two areas of the dam
that did show significantly lower PS density were the east and west crests, shown in
Figures 3 and 11A. In these sections, the difference in elevation between the reservoir
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and embankment toe was approximately 2 m. Along the southeast embankment,
including at the southeast toe, the elevation difference was > 10m. Additionally, the
downstream slopes of the crests are significantly smaller than the downstream slopes of
the embankments. The larger slopes of the embankments serve as better reflectors for the
SAR signal than the crest slopes. Lack of PS in the east and west crest due to no
observable LOS displacement occurring is more likely than along the southeast
embankment. In terms of monitoring, a pre-failure PSI analysis of the Edenville Dam
would have served as a warning as the southeast toe showed accelerated movement. This
would have suggested the need for further investigation along the failure embankment.
The SMI analysis for the Edenville Dam illustrates consistent relative soil moisture
content from April 2016 to May 2020. The mean SMI standard deviation for the dam
outline was observed at 0.10. Seasonal trends associated with increased rainfall months
were observed, however, no long-term increase or decrease in SMI was observed in any
region of the dam. Consistent soil moisture conditions are to be expected in an earth dam
structure constructed with engineered drainage. The Edenville Dam had two operating
levels of the reservoir, normal and winter pool levels. Normal pool elevation was 675.8
ft, and the winter pool level was 672.8 ft [3]. Daily variation in pool elevation was not to
exceed 0.9 ft and 0.7 feet for the normal and winter pools, respectively. Drawdown for
the winter pool level began after December 15th and lasted until January 15th [3]. Wixom
Lake would return to normal pool level once surface temperatures reached 39º Fahrenheit
[16]. With consistent pool levels and adequate time when changing pool levels to avoid
rapid drawdown, it is reasonable to assume that the phreatic surface would remain
consistent throughout the year if proper drainage was installed. Rainfall could potentially
change the phreatic surface, however, properly engineered drainage would allow for
rainfall infiltration. The drainage system for the Edenville Dam consisted of clay tiles
installed at the time of construction [3, 4]. Original design drawings did not show the
tiles, however, a 2012 survey of the dams underdrain stated that the clay tiles were
installed perpendicular to the face of the embankment, were uniformly spaced, and
discharged to a drainage ditch that ran parallel to the toe of the embankments [3]. The
survey also pointed out that along the southeast embankment, clay tiles were missing
from the center of the approximate failure location and some obstructions in the tiles
were also observed [3]. The lack of tiles could result in a higher phreatic surface than in
areas with greater clay tile density. The potential for a varying phreatic surface near the
failure location illustrates the first limitation of the SMI analysis, spatial resolution. At a
spatial resolution of 30m, the Landsat 8 imagery is too coarse to illustrate a variation in
SMI between the failure location (approximately 40 to 80 ft in width) and the rest of the
embankment. The resolution is also too coarse to discern differences in SMI between the
toe and crest of the embankments as the horizontal distance between the toe and crest
ranged between 60 and 120 ft. The second limitation of this SMI analysis was the lack of
uniform temporal distribution due to cloud covered scenes. Of the more than 50 Landsat
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8 images between April 2016 to May 2020 (excluding winter months) only 14 were able
to be used in the analysis due to cloud cover.
While the SMI analysis showed that the relative soil moisture in the Edenville Dam
remained constant between 2016 and 2020, the large spatial and temporal resolution
resulted in a limited application for this example. In the 2019 Brumadinho study, the
spatial extent of the tailings dam was large enough where the use of 30m satellite data
was appropriate and could show variations in moisture content between the toe and crest.
In the Edenville Dam example, satellite datasets are simply too coarse. Recommendations
for future analysis of spatially small embankments is to use drone-based datasets as
ground sampling distances are much smaller, therefore allowing the observation of soil
moisture variation between the toe and crest. Constructing a drone based SMI analysis
would improve the temporal uniformity as the drone operates below the influence of
clouds.

7. Conclusions
The PSI analysis suggests possible decorrelation on the southeast embankment, however,
additional SAR analysis, such as Small Baseline Subset (SBAS), would be required to
validate. SAR images in bands with longer wavelengths, S or L bands, would allow for a
higher decorrelation velocity but would provide a higher spatial resolution. If
decorrelation did exist in this region, that would suggest velocities greater than 30 mm/yr
were occurring prior to failure. Despite spatial and temporal limitations of the SMI
analysis, long term trends for the entire Edenville Dam area were observed. The PSI and
SMI analyses show that:
-

Stable embankments along the dam had velocities ranging from 0 to -5 mm/yr
A localized area of negative displacement with a velocity of -20 mm/yr, was
observed at the north toe of the southeast embankment approximately 30 m form
the failure location
SMI across the entire Edenville Dam exhibited no long-term (increase or
decrease) trends in relative soil moisture content from 2016 to 2020
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Appendix A: LST/NDVI Dry and Wet Parameters
RMarkdown Script
The RStudio script for calculating the dry and wet edge parameters is shown below. The
dry and wet edge bounds were visually set to represent the LST/NDVI space for each
acquisition [20-23]. All scene presented in a triangular shape with the wet edge modeled
as horizontal. The dry edge the LST and NDVI pixel values for each raster was obtained
from ERDAS Imagine and exported to a csv.
# sET WORKING DIRECTORY TO MDRIVE
setwd('M:/dam_analysis/soil_moist/20160728')
#READ IN LST/NDVI DATA
dat <- read.csv('20160728_lst_ndvi.csv')
library(dplyr)
## Warning: package 'dplyr' was built under R version 4.0.5
##
## Attaching package: 'dplyr'
## The following objects are masked from 'package:stats':
##
##
filter, lag
## The following objects are masked from 'package:base':
##
##
intersect, setdiff, setequal, union
#THIS CHUNK VISUALIZES THE NDVI/LST SPACE AND DEFINES THE BINS US
ED FOR THE DRY/WET EDGE SUBSETS
# INITIAL PLOT OF LST/NDVI SPACE
plot(dat$ndvi, dat$lst, xlab ="NDVI", ylab = "LST", main="LST/NDV
I Space and Dry/Wet Edge Subset Boundaries",pch=21, col='black',b
g='grey', cex=1)
#DRY EDGE:
#LOWER BOUND OF DRY EDGE SUBSET
low.d.bnd = 0.4
#UPPER BOUND OF DRY EDGE SUBSET
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up.d.bnd = 0.63
#DRY EDGE SUBSET INTERVAL
d.int <- 0.01
#WET EDGE:
#LOWER BOUND OF wET EDGE SUBSET
low.w.bnd = 0.5
#UPPER BOUND OF WET EDGE SUBSET
up.w.bnd = 0.58
#WET EDGE SUBSET INTERVAL
w.int <- 0.01
lst.range.up <- max(dat$lst)
lst.range.low <- min(dat$lst)
lst.range.mid <- ((lst.range.up - lst.range.low)/2) + lst.range.l
ow
#BIN VISUALIZATION
lines(c(low.d.bnd,low.d.bnd), c(lst.range.low,lst.range.up), col
= "red",lwd=3)
lines(c(up.d.bnd,up.d.bnd), c(lst.range.low,lst.range.up), col =
"red", lwd=3)
lines(c(low.w.bnd,low.w.bnd), c(lst.range.low,lst.range.up), col
= "black",lwd=3, lty=2)
lines(c(up.w.bnd,up.w.bnd), c(lst.range.low,lst.range.up), col =
"black", lwd=3,lty=2)
legend(x="topleft", c("Dry Edge Bounds","Wet Edge Bounds"), col =
c("red","black"), lty = c(1,2), lwd=3)
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A) #THIS CHUNK USES THE BINNING PARAMETERS DEFINED ABOVE TO FIND
THE DRY/WET EDGE
dat.2 <- dat
dat.1 <- dat
#DRY EDGE:
#SEQUENCE GENERAITION USED IN BINNING OF DATA ALONG NDVI
d.seq.sub <- seq(low.d.bnd,up.d.bnd,d.int)
d.grp.labs<- seq(low.d.bnd,up.d.bnd - d.int,d.int)
#BINNING OF DATA INTO GROUPS DEFINED BY SEQUENCE ABOVE
dat.2$d.grp <- cut(dat.2$ndvi, d.seq.sub, labels = d.grp.labs)
#NEW DATA FRAME GENERATION: MAXIMUM LST VALUES IN EACH GROUP (
TOP_LST <- N MAX VALUES OF LST)
max.lst <- 10
top.dry.edge <- dat.2 %>% group_by(d.grp) %>% top_n(max.lst, l
st)
top.dry.edge <- na.omit(top.dry.edge)
#NEW DATA FRAME GENERATION: MEAN OF TOP LST VALUES
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mean.dry.edge <- aggregate(top.dry.edge[,3:4], list(top.dry.ed
ge$d.grp), mean)
#WET EDGE:
#SEQUENCE GENERAITION USED IN BINNING OF DATA ALONG NDVI
w.seq.sub <- seq(low.w.bnd,up.w.bnd,w.int)
w.grp.labs<- seq(low.w.bnd,up.w.bnd - w.int,w.int)
#BINNING OF DATA INTO GROUPS DEFINED BY SEQUENCE ABOVE
dat.1$w.grp <- cut(dat.1$ndvi, w.seq.sub, labels = w.grp.labs)
#NEW DATA FRAME GENERATION: MAXIMUM LST VALUES IN EACH GROUP (
min_LST <- N MIN VALUES OF LST)
min.lst <- (-5)
#dat.1 <- subset(dat.1,select=-d.grp)
bot.wet.edge <- dat.1 %>% group_by(w.grp) %>% top_n(min.lst, l
st)
bot.wet.edge <- na.omit(bot.wet.edge)
#NEW DATA FRAME GENERATION: MEAN OF TOP LST VALUES
mean.wet.edge <- aggregate(bot.wet.edge[,3:4], list(bot.wet.ed
ge$w.grp), mean)
mean.wet <- mean(mean.wet.edge$lst)
# THIS CHUNK PLOTS THE DRY/WET EDGES
#PLOT OF NDVI/LST WITH TOP N VALUES AND MEAN VAlUES
plot(dat$ndvi, dat$lst, xlab ="NDVI", ylab = "LST",main="Dry & We
t Edges in LST/NDVI Space", pch=21, col='black',bg='grey', cex=1)
points(top.dry.edge$ndvi, top.dry.edge$lst, pch=21, col= "black",
bg="blue", cex=1)
points(mean.dry.edge$ndvi, mean.dry.edge$lst, pch=21, col= "black
",bg="red", cex=1.25)
points(bot.wet.edge$ndvi, bot.wet.edge$lst, pch=21, col= "black",
bg="blue", cex=1)
points(mean.wet.edge$ndvi, mean.wet.edge$lst, pch=21, col= "black
",bg="red", cex=1.25)
#REGRESSION OF DRY EDGE AND MEAN DRY EDGE
dry.edge.mod <- lm(lst~ndvi, dat = top.dry.edge)
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mean.dry.edge.mod <- lm(lst~ndvi, dat = mean.dry.edge)
abline(mean.dry.edge.mod, col="red", lwd=2)
#REGRESSION OF WET EDGE AND MEAN WET EDGE
wet.edge.mod <- lm(lst~ndvi, dat = bot.wet.edge)
mean.wet.edge.mod <- lm(lst~ndvi, dat = mean.wet.edge)
#abline(mean.wet.edge.mod, col="red", lwd=2)
abline(h=mean.wet, col="red", lwd=2)

# THIS CHUNK DEFINES A AND B PARAMETERS
#A1 IS sLOPE OF, B1 IS INTERCEPT OF MEAN.DRY.EDGE
a1 <- as.numeric(mean.dry.edge.mod$coefficients[2])
b1 <- as.numeric(mean.dry.edge.mod$coefficients[1])
#A2 IS sLOPE OF, B2 IS INTERCEPT OF MEAN.WET.EDGE
a2 <- as.numeric(mean.wet.edge.mod$coefficients[2])
b2 <- as.numeric(mean.wet.edge.mod$coefficients[1])
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#Boundary Parameters
a.b <- matrix(c(a1,b1,a2,b2), nrow = 2, byrow = TRUE, dimnames =
list(c(1,2), c('A','B')))
print(a.b)
##
A
B
## 1 -18.2992429 32.47087
## 2 0.0
20.18400
#OUTPUT A AND B AS TXT.File
write.table(a.b, file = "20160728_a_b.txt", sep = "\t",
row.names = TRUE, col.names = TRUE)
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Appendix B: Dry and Wet Edge Subset Parameters Table
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Appendix C: SMI Calculation RMarkdown Script
#REQUIRED PACKAGES
library("raster")
## Warning: package 'raster' was built under R version 4.0.5
## Loading required package: sp
## Warning: package 'sp' was built under R version 4.0.5
library("rgdal")
## Warning: package 'rgdal' was built under R version 4.0.5
## rgdal: version: 1.5-23, (SVN revision 1121)
## Geospatial Data Abstraction Library extensions to R successful
ly loaded
## Loaded GDAL runtime: GDAL 3.2.1, released 2020/12/29
## Path to GDAL shared files: C:/Users/geogu/OneDrive/Documents/R
/win-library/4.0/rgdal/gdal
## GDAL binary built with GEOS: TRUE
## Loaded PROJ runtime: Rel. 7.2.1, January 1st, 2021, [PJ_VERSIO
N: 721]
## Path to PROJ shared files: C:/Users/geogu/OneDrive/Documents/R
/win-library/4.0/rgdal/proj
## PROJ CDN enabled: FALSE
## Linking to sp version:1.4-5
## To mute warnings of possible GDAL/OSR exportToProj4() degradat
ion,
## use options("rgdal_show_exportToProj4_warnings"="none") before
loading rgdal.
## Overwritten PROJ_LIB was C:/Users/geogu/OneDrive/Documents/R/w
in-library/4.0/rgdal/proj
library("rasterVis")
## Warning: package 'rasterVis' was built under R version 4.0.5
## Loading required package: terra
## Warning: package 'terra' was built under R version 4.0.5
## terra version 1.1.4
## Attaching package: 'terra'
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## The following object is masked from 'package:rgdal':
##
##
project
## Loading required package: lattice
## Loading required package: latticeExtra
## Warning: package 'latticeExtra' was built under R version 4.0.
5
library("ggplot2")
##
## Attaching package: 'ggplot2'
## The following object is masked from 'package:latticeExtra':
##
##
layer
# sET WORKING DIRECTORY TO MDRIVE
wd <- setwd('M:/dam_analysis/soil_moist/20160728')
#Plot LST
lst <- list.files("20160728",
pattern = "20160728_b10_lst.img", #".tif$"
will read in all file extentions in the folder
full.names = TRUE) # make sure you have the
full path to the file
lst <- raster(lst)
plot(lst, main = "LST")
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#Plot NDVI
ndvi <- list.files("20160728",
pattern = "20160728_ndvi.img",
full.names = TRUE) # make sure you have the
full path to the file
ndvi <- raster(ndvi)
plot(ndvi, main = "NDVI")

40

crs(ndvi)
## CRS arguments:
## +proj=utm +zone=16 +datum=WGS84 +units=m +no_defs
#Calculate SMI
a.b <- read.table('20160728/20160728_a_b.txt')
a.1
b.1
a.2
b.2

<<<<-

a.b[1,1]
a.b[1,2]
a.b[2,1]
a.b[2,2]

lst.max <- (a.1 * ndvi) + b.1
lst.min <- (a.2 * ndvi) + b.2
smi <- (lst.max - lst)/(lst.max-lst.min)
smi.1 <- reclassify(smi, c(-Inf,0,0, 1,Inf,1))
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#Plot SMI
hist(smi)

max.smi.1 <- cellStats(smi.1,max)
min.smi.1 <- cellStats(smi.1,min)
pal <- colorRampPalette(c("red","wheat", "blue"))
n <- length(seq(min.smi.1,max.smi.1+.01,.01))
plot(smi.1, breaks= (seq(min.smi.1,max.smi.1+.01,.01)), col=pal(n
), main = "SMI")
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writeRaster(smi.1, filename="20160728_smi", format='GTiff', overw
rite=TRUE)
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Appendix D: PSI Histograms for AOIs

Dam Outline PS Velocity Histogram
50
40
30
20
10
0

-24

-21

-18

-15

-12

-9

-6

-3

0

2

5

8

11

14

17

20

23

26

Velocity (mm/yr)

West Embankment PS Velocity Histogram
40
30
20
10
0

-24

-19

-14

-9

-4

1

Velocity (mm/yr)

44

6

11

16

21

26

West Cutbank PS Velocity Histogram
12
10
8
6
4
2
0

-24

-22

-20

-17

-15

-13

-11

-8

-6

-4

-2

1

3

5

7

10

12

14

Velocity (mm/yr)

East Embankment PS Velocity Histogram
40
30
20
10
0

-22

-18

-13

-8

-4

1

6

10

15

20

24

Velocity (mm/yr)

Southeast Embankment PS Velocity Histogram
6
5
4
3
2
1
0

-24

-20

-16

-13

-9

Velocity (mm/yr)

45

-5

-1

3

6

